by tungsten-furnace AAS. 15 Some samples are preconcentrated on a glass-fibre filter, 16 or on an anion-exchange resin, 17 followed by solid-phase spectrophotometry, or preconcentrated by forming a complex with Chromazurol S and measured by spectrophotometry, 18 or preconcentrated by reacting with acetylacetone, being extracted into chloroform, and being measured by UV-spectrophotometry. 19 Others were derivatized with trifluoroacetylacetone to form volatile compounds of beryllium trifluoroacetylacetonate, Be(tfa)2, extracted into benzene, and measured by GC (electron capture detection). [20] [21] [22] The beryllium and its compounds in air particulates measured by NIOSH 23 was collected on a cellulose ester membrane filter. After digestion with nitric acid and sulfuric acid, the beryllium was analyzed by GFAAS. The detection limit was 5 ng per sample and the working range was 0.5 to 10 mg/m 3 for a 90-l air sample. The volatile beryllium compounds in air generated from a beryllium machining facility were collected by a sampling train 21 consisting of two filter papers in series for air particulates, and an impinger containing hexane for the beryllium vapor phase. The beryllium content was then determined by GC(ECD) 21 as a volatile derivative of Be(tfa)2.
Among several complexing agents for beryllium(II), acetylacetone 2, 19 has been commonly used because the over-all formation constant 24, 25 of beryllium acetylacetonate, Be(acac)2, is about 10 13.9 . In this paper, we used acetylacetone as a chelating agent for beryllium(II) in drinking water (100 ml) in ammonium acetate buffer, together with a slightly acidic HCl solution at pH 5.5.
The chelate of Be(acac)2 was preconcentrated on a Sep-Pak C18 cartridge and was then eluted with methanol (2.00 ml). Hence, trace amounts of beryllium (1.0 -40.0 ng) in drinking water (100 ml) could be accurately determined by GFAAS. Since Be(tfa)2 (b.p.<80˚C) 20 is more volatile than Be(acac)2 (b.p.=270˚C), we prepared Be(tfa)2 in methanol and irradiated it with an infrared lamp to simulate the vapor phase of beryllium.
The applicability for the measurement of beryllium vapor in air was also attempted.
Experimental

Apparatus
A Hitachi Z-8000 graphite-furnace atomic absorption spectrophotometer, equipped with a Zeeman background corrector, was used for the atomic absorption measurement of beryllium at 234.9 nm with a slit width of 1.3 nm. A hollow cathode lamp of Be (Hitachi Co., Japan) was operated at 10 mA. Uncoated graphite tube cuvettes (No. 180-7400, Hitachi Co., Japan) were purchased. An air sample pump (224-PCXR8, SKC Inc., PA, USA) was used for sampling air.
Reagents and solutions
Nitric acid (double distilled, Seastar Co., Canada) and hydrochloric acid (trace metal grade, Fisher Scientific Co., Canada) were used to prepare 0.2% HNO3 (v/v) and 0.2% HCl (v/v), respectively, with pure water (Barnstead NANOpure system). A stock standard solution of 1000 mg/l for Be(II), (Be(NO3)2·4H2O in 0.5 M HNO3), was purchased from Merck (Germany). Working standard solutions were prepared daily by diluting 10.0 mg/l of Be(II) in 0.2% HNO3 (v/v) with water. In simulating generation of beryllium vapor in air, a standard solution (10.0 mg/l of Be(II)) in methanol was prepared. The quality control solution, containing 25.0 mg/l of Be(II) in 10% HNO3, was purchased from High Purity Standards (HPS#290608, SC, USA). The SRM 1643d synthetic water standard (NIST, USA) contained 12.53±0.28 µg/l of Be(II) in 0.5 M HNO3. A Nash reagent 26 containing 150 g ammonium acetate (GR, Merck), 3.0 ml glacial acetic acid (99.99%, Aldrich), and 2.0 ml acetylacetone (GR, Merck) per liter of aqueous solution (i.e., 2.0 M ammonium acetate buffer at pH 6.0 together with 0.2% acetylacetone (v/v)) was prepared weekly. Other chemicals were of analytical reagent grade.
Samples of drinking water
Groundwater collected from Tunghai University and natural spring water (purchased from a supermarket) were used as test samples. Each sample was acidified to pH <2 with conc. HNO3.
Analytical procedure for Be(II) in water
Since the final optimum pH of this study was in the range of 5.5 -6.0, 19, 27 we had to pre-adjust the pHs of those acidified samples to about 5.5 -6.0 by NH3(aq). After addition of the Nash reagent (7.0 ml, i.e., 14 mmol ammonium acetate buffer and 14 mg acetylacetone) and a small amount of HCl solution (3.0 ml, 0.2%(v/v)) to unknown samples (80 ml), or appropriate amounts (0 -40.0 ng) of Be(II) standard solutions, each mixture was adjusted to 100 ml with pure water. The final pH of each solution was around 5.5. After mixing, each solution was allowed to stand at room temperature for about 1 h. The Be(acac)2 chelate was preconcentrated on a conditioned Sep-Pak C18 cartridge (#51910, Waters Associates Co., MA, USA) by a vacuum pump at a flow rate of 8 ml/min. The Be(acac)2 chelate in the cartridge was eluted with methanol and adjusted to 2.00 ml. A portion (20 µl) of the concentrated methanol solution was introduced into a graphite cuvette by a microsyringe (50 µl, Hamilton Co., USA) and atomized according to a temperature program (Table 1) . Peak heights in absorbance were used for quantitative analysis.
Simulation for generating beryllium vapor in air
One-hundred milliliters of absorbing solution of pH 5.5 containing 10.0 ml Nash reagent (20 mmol ammonium acetate buffer and 20 mg acetylacetone) and 3.0 ml of 0.2%(v/v) HCl were pipetted to each of two 120-ml impingers (#1 and #2) connected in series, as shown in our previous paper. 28 Since Be(tfa)2 (b.p.<80˚C) 20 is more volatile than Be(acac)2 (b.p.=270˚C), a stock solution of Be(tfa)2 was prepared by adding 20 µl of trifluoroacetylacetone (99%, Lancaster, England) to 200 µl of 10.0 mg/l of Be(II) in methanol and then adjusted to 10.0 ml with methanol. The solution was mixed and allowed to stand at room temperature for about 1 h to form the Be(tfa)2 chelate. One-hundred microliters of Be(tfa)2 methanol solution (containing 20.0 ng of beryllium) was introduced into a small glass chamber (20 ml). An IR lamp (200 W, Philips Co.) was set above the chamber and turned on. During the first 5 min, the methanol vaporized completely and was carried to the impingers by a very small air pressure (1 -2 air bubbles/10 s). Then, the air flow rate was increased to 150 ml/min and maintained for at least 1 h to carry the beryllium vapor into the absorbing solutions and form soluble Be(II) ions. The Be(acac)2 chelate in each impinger was analyzed using the procedure described above. The residue of beryllium in the chamber was extracted by adding 15 ml of fresh absorbing solution and mixing for about 1 h; then, the amount was measured as mentioned above.
Results and Discussion
Concentration efficiency of Be(acac)2 chelate on a C18 cartridge
In order to know the efficiency of the concentration procedure for Be(II) as Be(acac)2 chelate retained on a Sep-Pak C18 cartridge, two sets of Be(II) solutions were prepared. One set was prepared in 100 ml aqueous solution at pH 5.5 (containing 10.0 -20.0 ng of Be(II), 14 mmol ammonium acetate buffer, 14 mg acetylacetone, and 3.0 ml of 0.2%(v/v) HCl) and then concentrated in 2.00 ml of methanol after going through the concentration procedure. The other set was prepared by directly adding the same amount of Be(II) together with proportional amounts of ammonium acetate buffer, acetylacetone, and HCl solution to methanol in a small test tube (5.00 ml) and then adjusting to 2.00 ml with methanol. The concentration efficiencies for 10.0 -20.0 ng of Be(II) were in the range of 97.8 -101% with a RSD (n=5) within 1.0%.
Temperature program
The effect of ramping ashing temperatures (from 600 -600 to 600 -1300˚C for 25 -45 s) and atomization temperatures (2400 -2800˚C for 2 -6 s) on absorbance was successively tested with 0.20 ng Be(II) in 20 µl concentrated methanol solution. The results indicate that a ramping ashing temperature of 600 -900˚C for 35 s and atomization temperature of 2800˚C for 5 s 158 ANALYTICAL SCIENCES FEBRUARY 2000, VOL. 16 are suitable, as tabulated in Table 1 .
pH and amount of Nash reagent used
The effect of the pH (5.0 -7.0) of Nash reagent (containing 2.0 M ammonium acetate buffer and 0.2%(v/v) acetylacetone) on the absorbance of beryllium was tested with 0.20 ng Be(II) in 20 µl concentrated methanol solution. The results (Fig. 1) indicate that the absorbances are relatively large when the pH is in the range of 5.5 -6.5. Hence, the Nash reagent pH of 6.0 was selected. Similarly, the amount (0 -18 ml) of Nash reagent (i.e., 0 -36 mmol ammonium acetate buffer and 0 -36 mg acetylacetone) at pH 6.0 was varied; the results (Fig. 2) indicate that 7.0 -14.0 ml of Nash reagent (i.e., 14 -28 mmol ammonium acetate buffer and 14 -28 mg acetylacetone) have the same large absorbances. Hence, 7.0 ml of Nash reagent was selected for use in drinking water because the Be(acac)2 chelate would be formed completely after mixing and standing for about 1 h at room temperature. Similarly 10.0 ml of Nash reagent was used in the absorbing solution for collecting beryllium vapor in air in order to trap beryllium vapor and form Be(acac)2 chelate completely during the short contact time.
The effect of HCl solution
The addition of a small amount of hydrochloric acid solution (1.0 -7.0 ml of 0.2%(v/v) in 100 ml) did slightly enhance the absorbance of beryllium, as shown in Fig. 3 , while the background absorbances were about the same. Hence, 3.0 ml of 0.2% (v/v) HCl was used in this experiment. The enhancement effect of HCl was similar to the effects 1,15 reported by using 0.1 M HCl to prepare Be(II) working solutions and using 0.5 M HCl to elute the Be(II) from the silica fibre filter before injection to ET-AAS; 1 and using 0.3 M HCl to prepare Be(II) solution before injection to tungsten-furnace AAS. 15 This might be because the pH of the final solution was slightly changed from 6.0 to 5.5 after addition of a small amount of HCl solution, which might favor the enol form 19 of acetylacetone as CH3-C(OH)=C(H)-C(=O)-CH3. In addition, the predominant species (about 90%) of Be(II) in the solution might be Be(OH)2 (with a formation constant 29,30 of 10 -13.6 ) at pH 6.0; 30 while in the presence of HCl solution at pH 5.5, the species of Be(II) in the solution might be about 40% BeCl + (with a formation constant 30-32 of 10 1.6 ), 40% Be(OH)2, with a minor portion of Be(II) and other ions or compounds also present. 30 The BeCl + might react with the enol form of acetylacetone and form the Be(acac)2 chelate (with a formation constant 24,25 of 10 13.9 ), as proposed in Fig. 4 .
Calibration graphs, method detection limit (MDL), and accuracy tests for Be(II) in water
Following the proposed method, a typical calibration graph for Be(II) was y=6.14×10 -4 for Be(II) was determined as the concentration corresponding to three times the standard deviation of twelve replicates using 20 µl of a methanol solution concentrated from a 100 ml aqueous solution containing 10.0 ng/l of Be(II). The MDL (3σ) from the mean of five determinations was found to be 2.3±0.1 ng/l for a 100-ml aqueous solution, or 0.23 ng Be(II). Although the MDL value of Be(II) obtained in this work was higher than that (0.02 ng/l for 150-ml seawater), 22 the value was comparable to those (0.3 ng/l 1 or 0.6 ng/l 2 for 500 ml water; and 0.5 ng/l 13 for 200-ml seawater) reported elsewhere, and might still be useful in practice for the maximum allowable contamination of 200 ng/l in drinking water as regulated in the Czech Republic. 7, 8 The accuracies of the proposed method were checked by testing a QC sample (wastewater, HPS#290608) and the certified synthetic water (SRM 1643d) for Be(II). The results of 99.5 -101% were obtained, as listed in Table 2 . The RSD (n=4) at 12.53 and 25.06 ng of Be(II) were within 1.2%.
Effect of foreign ions on Be(II) recovery
For a 100 ml aqueous solution containing 200 ng/l of Be(II), the effects of Ca 2+ , Mg 2+ , Fe 2+ , Mn 2+ , Na + , and Clon absorbance of beryllium could be tolerable up to 200, 50, 0.50, 300, 100, and 2000 mg/l with 96, 99, 95, 96, 97, and 103% recoveries, respectively.
Determination of Be(II) content in drinking water
Concentrations of Be(II) in Tunghai groundwater and the spring water were determined by the proposed method and were found to be N.D. (<2.3 ng/l of Be(II), or 0.23 ng). After spiking Be(II) (10.0 or 20.0 ng) to samples, respectively, the average recoveries from triplicates were 99.0 -101% for Tunghai groundwater (with RSD within 1.4%) and 96.6 -101% for the spring water (with RSD within 1.7%).
Feasibility of collecting beryllium vapor by use of the absorbing solution
The absorbing efficiencies in impinger #1 for beryllium vapor simulated from 20.0 ng of beryllium in methanol ranged from 44.0 to 61.0% when the IR irradiation time was varied from 1 to 5 h at an air flow rate of 150 ml/min, as listed in Table 3 . The amounts of beryllium found in impinger #2 were N.D. (<0.23 ng Be(II)) and the portions that remained in the glass chamber were from 55.0 to 37.0%. This might be because the IR irradiation temperature is about 130˚C and the Be(tfa)2 has a lower boiling point (<80˚C), 20 while the remaining Be(II) has a higher boiling point than 130˚C. The RSD (n=3) for collecting beryllium vapor in impinger #1 with IR irradiation for 2 h was 4.8%. The total recovery of beryllium from impinger #1 plus the residue portion in the glass chamber by this generating technique was about 98.0 -102%.
In order to confirm that beryllium vapor became beryllium(II) ion when the vapor was collected in the absorbing solution in impinger #1, the following three experiments were performed. Twenty nanograms of beryllium in the form of Be(tfa)2 in methanol was introduced into a glass chamber and irradiated with an IR lamp (at 200 W) for 3 h to simulate generating beryllium vapor in air (at 150 ml/min) as described above. In the first experiment, absorbing solutions in impingers #1 and #2 contained both acetylacetone and (buffer + HCl) solution. The results from the mean of a triplicate indicated that the amounts of beryllium found in impingers #1, #2, and remaining in the glass chamber were 10.3 ng, N.D. (<0.23 ng), and 9.6 ng, respectively. In the second experiment, the absorbing solution in impinger #1 contained only (buffer + HCl) solution (i.e., without acetylacetone); and impinger #2 contained both acetylacetone and (buffer + HCl) solution. The results from the mean of a triplicate indicated that the beryllium contents in both impingers #1 and #2 were N.D. (<0.23 ng) after concentrating through the C18 cartridge as described in the proposed method; while 9.4 ng of beryllium remained in the glass chamber, as shown in Table 4 . While the absorbing solution in impinger #1 was concentrated by passing through the Sep-Pak C18 cartridge, the eluate was collected and the same amount of acetylacetone (10.0 ml of 0.2%(v/v) as used in impinger #1 in the first experiment) was added. After mixing and allowing to stand at room temperature for about 1 h to let the reaction complete, a quantitative amount (10.3±0.4 ng) of beryllium was found (the same as that obtained in impinger #1 in the first experiment).
Since trifluoroacetylacetone is insoluble in aqueous solution, the third experiment was performed by preparing Be(tfa)2 in methanol (2.00 ml) by adding 20 µl of trifluoroacetylacetone to a methanol solution containing 20.0 ng of Be(II). A portion (20 µl) of the Be(tfa)2 in methanol solution was introduced into the GFAAS. The absorbance readings obtained were about 50% of those obtained from Be(acac)2 when the same temperature program ( Table 1 ) was used. The fact that the beryllium content in impinger #1 in the second experiment was N.D. in the absence of acetylacetone, together with the results obtained from these three experiments, might indicate that the beryllium 160 ANALYTICAL SCIENCES FEBRUARY 2000, VOL. 16 vapor generated by this technique became beryllium(II) ion after the vapor was collected by the absorbing solution in impinger #1. After the Be(II) reacted with acetylacetone, the chelate Be(acac)2 formed and could be measured accurately by the proposed method. Hence, the collection of beryllium vapor in air might be feasible.
Determination of beryllium contents from air samples
Three pairs of air samples were collected at a flow rate of 170 ml/min for 8 h from inside our laboratory (81.6 l), outside our laboratory (81.6 l), and on the farm of Tunghai University (81.6 l), which is about 400 m away from the incinerator of Taichung Veteran's Hospital, respectively, together with a corresponding blank. The results obtained were N.D. (which is <0.23 ng of beryllium for an air volume of 81.6 l, or about <2.8 ng/m 3 ).
